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NOTA TI ON 


Coefficient 
Projected area of boiler rear Wall, sq. ft. 
Area of burners = Ta. sq. ft, 

Exponent of Reynolds Number 

Constant of integration 

Thickness of boundary Тауе г 

Constant 

Specific heat, BTU/lb. - degrees Р. 

Furnace depth - ft, 

Burner or orifice diameter - ft. 

Mass flow in units of lb/sq.ft. - hr, 

Heat transfer coefficient, BTU/hr. - degrees P. - sq. ft. 
Thermal conductivity, BTU/ft.- degrees F, - hr, 
Subscript denoting mean value 

Number of burners 

Two dimensional quantity of flow 

Heat transfer per unit time, BTU/hr. 

Air to fuel ratio by wei ght 

Distance from side wall to burner 

Effective cold heat absorption surface 
Projected heat transfer surface in rear wall, sq. ft, 
Absolute temperature, degrees R. 


Absolute tempenture of cold Surface 


Furnace exit temperature from radiation calculation 


Effective flame temperature 


Film temperature 





AT, 


——— 


Steam or boiling water temperature 
Actual exit temperature from furnace 


Coefficient of convection heat transfer, 
BTU/hr. - degrees Е. = sq. ft. 


Velocity in x direction 

Velocity in y direction 

Free stream velocity along rear wall 
Weight of air, lbs/hr. 

Weight of fue], lbs/hr. 

Weight of gas, lbs/hr. 

Complex potential function 

Complex plane, x+ iy 


Nusselt Number = hD 
ፔ” 


Reynolds Number 3 GD 2242 
ЕС Е 


Prandtl Number = Cp < 
k 


Temperature difference between free stream and wall 
Log mean temperature difference 

Constant for heat transfer equations 

Dynamic viscosity 


Absolute viscosity 


зр 





INTRODUC TT ON 


Since the end of the nineteenth century, the marine 
boiler, both merchant and naval, has gone through an extensive 
period of evolution. The firetube boilers,such as the Scotch 
boiler,have given way to watertube boilers of either the header 
or drum type. In more recent years, the integral furnace two- 
drum boiler with integral uncontrolled superheater has gained 
considerable favor due to its simplicity, relatively light 
welght and low cost. In order for these boilers to meet the 
specified superheated steam temperatures without control, it 
is necessary to pay considerable attention to the proper design 


of all heat transfer surfaces in the boiler. 


All boilers possess some sort of combustion chamber or 
furnace for burning the fuel. The gaseous products of combustion 
pass over the generating and superheating surfaces prior to 
entering any other heat recovery equipment and exhausting to the 
atmosphere. It is obvious that in order to effectively evaluate 
the heat transferred in the generating and superheating sections 
and thus the superheat temperature, the temperature of the gasses 


leaving the furnace must be accurately determined, 


The method of calculating the furnace exit temperature is 
one of equating the heat given up by the gasses to the heat 


absorbed by the furnace surfaces and solving for the exit tem- 


(1), 


perature Numerous descriptions covering the several methods 


of attack on this problem may be found in the current litera- 


(1,2,3,4,5,6) 


ture In general, the heat transferred to the 





furnace surfaces by convection has been neglected and the 
problem has become one of radiation only. Until recently 
good results have been obtained using these methods, whether 


empirical, theoretical, ог а combination of both. 


In recent years the severe space and weight limitations 
imposed on naval boilers in particular, combined with increased 
demands on the boiler, have forced the designer to use heat 
release rates in.excess of 500,000 BTU/ou. ft. In order to cool 
the surfaces of the furnace, water-cooled walls, floors, and 
overheads have been adopted. These inovations were adequately 
handled as cold surface when using the conventional method of 
solution of the furnace problem. However, as increased space 
limitations have dictated decreasing the depth of the boiler, 

a discrepancy arose between the calculated and measured super- 
heater outlet temperature. The error can be traced to too high 
an estimate of furnace exit temperature. It appeared that heat 
was being absorbed in the furnace by some means other than 
radiation. Examination of the designs involved showed that they 
were fitted with shallow furnaces and watertube rear walls, 

The additional means of transfer was by convection through 


impingement of the gaseous flame on this rear wall. 


Since no data on this means of heat transfer was available 
in the literature, early evaluations were by "rule of thumb" 
empirical means.  Bethge and send © carried out an in- 
vestigation on one particular boiler. Holmboe and Hove ( 8) 


investigated impingement on a flat plate with the use of 





models, but the results are not directly applicable to furnace 
walls due to limitations on the geometry of the models, 14,565) 

flat plates as the surface instead of tubes. It is because 

of this lack of adequate basic data that the present investi- 


gation was undertaken. 





GENERAL CONSIDERATIONS 


The problem of heat transfer by fluid impingement on a 
boiler rear wall resolves into a problem of forced convection. 
Since the heat is conducted through a turbulent boundary layer 
or film, the thermal conductivity of the fluid k will be a 
factor. ‘The film thickness depends on the mass velocity through 
the burners G, the distance between the rear wall and the 
burners or furnace depth D, and the viscosity of the fluld до ° 
For a given quantity of heat transferred, the temperature of the 
fluid stream depends on the specific heat Ср. Letting ታ герге- 
sent а function, the following equation for the coefficient of 
heat transfer h may be written: 

ed GO), а C. m) хил) 
This may be written in an infinite series, all terms of which 


will have the same form. Therefore, taking the first term only: 


AE DA E 25... Uu. 
where the factor o( is an arbitrary constant dependent on the 
geometry of the furnace and the boundary conditions.  Substi- 
tuting the dimensions and solving simultaneously for the ex- 
ponents in terms of a and e gives the following equation: 
a. e 
AD - (eb) (22) я вом» ЦИ 


їп тоге familiar terms: 


Ni = Ме. NS e e e ө ote oe 


M 
The problem now remains to find the values of the exponents 
а апа ё апа the constant @ e Examination of the geometry of 


the fluid flow in the furnace reveals that the fluid leaves 





the burners in a cone shaped stream directed at the rear wall. 
However, in order for continuity to be satisfied, the fluid must 
eventually flow parallel to the rear wall and out through the 
tube bank, Therefore, the convection heat transfer to the 

rear wall is conducted through a boundary layer of fluid stream- 
ing parallel to the surface. For this reason, the constant A 
must contain those parameters that have a significant affect 


on the thickness of this layer as well as its velocity. 


For a given weight of gas flowing, G will be dependent 
on the size and number of burner orifices. Instead of using 
the number of burner orifices, the ratio of projected rear wall 
area to burner area Ap/Ao will be more flexible while still 
defining the significant factors in the geometry. Also evident 
is the fact that increasing D will increase Nrea proportionately; 
however, the heat transfer will obviously not increase due to 
the decrease in fluid velocity as depth increases. Therefore, 
the ratio of furnace depth to burner orifice diameter D was 
chosen as a significant parameter, This ratio, together with 
Ap/Ao, fix the significant features of the geometry. Therefore, 


the constant œx will be a function of these parameters D and Ap 
ግ. о. 


Holmboe and Hove (8) conclusively demonstrated the validity 
of this approach. Using two similar models having a linear 
size ratio of 2:1, they were able to measure the same value of 
Nyu for equal values of the dimensionless ratios GP y Le ano З. 
Therefore, they justly concluded that extrapolation of model 


results to full size by using the dimensionless Bquation was 


a valid approach. 





METHOD OF APPROACH 


Since the geometry of the problem із so complex and the 
variables so numerous, the easiest and by far the most depend- 


able method of finding а, 6, and oL was by experimentation. 


The method used consisted basically of testing & model 
boiler on which the parameters Ap and D could be varied. 
The actual phenomknum of heat E was the reverse of that 
found in an actual boiler in that the rear wall heated the 
gasses flowing through the furnace instead of cooling them. 
Air was blown through the burner orifices of the model, im- 
pinged on the rear wall, and then passed out the stack. Ву 
measuring the weight of air flowing Wa, the inlet and outlet 
temperatures Ту апа Тр, the heat transferred could be computed. 
From this, Nusselt Number and Reynolds Number were calculated 
and plotted for each change in geometry. The apparatus was 
tested over a range of 5 values Ми 3 to 10.5 and over a 
range of l values of Ap from 11.47 to 45.8. The weight of air 
flowing Ма varied ሰ ot 260 to 1200 lbs/hour. In all,data 
at 567 points was taken. For a more detailed description of 


the apparatus and testing procedures, see Appendices A and B. 


In the early stages of testing, it was necessary to run 
many of the tests twice or even three times to be sure that 
the data was reliable. However, as the testing procedure be- 
came more refined, this was no longer necessary. Ву insuring 
that steady state conditions existed in the model, reliable 


and repeatable results were obtained in almost all cases. 





4 


Figures 1 through 5 are plots of Ny, vs. Ne, for the 
five values of р and air flowing through plain orifices. 
Figures 6 through 10 are plots of Ny, vs. Ngg for the same 


five values ор but with the air fllowing through model burners. 


In addition to the experimental approach an attempt was 
made to develop a theoretical analysis of the problem. This 
analysis consisted of С Жатан as the two dimentional problem 
only. Using conformal mapping techniques, the fluid flow in 
the furnace was mapped giving the free stream velocity distri- 
bution across the rear wall. Then considering the problem аз 
one of heat transfer through a turbulent boundary layer on a 
flat plate, a relationship for Nusselt Number in terms of the 
Reynolds Number using the velocities previously calculated 
was derived and the results of this derivation compared with 
the test results. The differences in results are covered 


in the discussion. 





ANALYSIS OF TEST RESULTS 


Figures 1 through 10 are plots of Ny, vs. Neg plotted on 
log-log paper. It is evident that for ERO value ot D and 
Ap, the test spots plot in straight lines. Therefore, Nyu 13 
+ iiol a function of Np¿ to some power а; and a will be 


equal to the slope of the lines. 


With the equipment available for these tests, it was im- 
possible to vary the Prandtl Number of the gas. Therefore, 
the value of the exponent 6 18 assumed to be 1/3. This is 
in agreement with the equations for forced convection heat 
transfer over various shaped surfaces as given by McAdams 3) , 
and Jakob 9» 10» 11) The differences in most of these equations 


lies in the exponent of Nro and in the constant. 


From Figures 1 through 5 for the case of air discharging 
through plain circular orifices, the value of a is 0.87 for 
all curves. There are some slight variations in slope, but 
they are small enough to be considered negligible. Therefore, 
for fluid discharging through circular orifices and impinging 
on the boiler rear wall, the equation of convection heat 


transfer is: 


HD GD " (ርፎራ)። 
ко - 2, (32) ка 51፡5 52.10 


where the values of A, are given In Table 1, and Cp, >, and 


k are evaluated at the film temperature, 


For the case of air discharging through burners, analysis 


of Figures 6 through 10 yields the value of a as 0.90 гог р 23, 





5, 7. апа 9. However, кә =10.5, the value of a increases 
to 1.0. Therefore, the following are the equations for con- 
vection heat transfer with fluid discharging through burners 


and impinging on the boiler rear wall: 


for 2-59 AD. = x (SD) (Ces ... o o (6) 
ae 
for 2 >98 hD- za ርጋ) ር... 


where the values of — аге given in Table 2 and Cp, е, and 


k are again evaluated at the film temperature. 


Table 1l--- Values of oL for Equation 5 
Air Discharging Through Plain Circular Orifices. 


2 pase |= LLLI 


Table 2--- Values of for Equations 6 and 7 








Air Discharging Through Typical Marine Burners. 
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THEORETICAL ANALYSIS 


Considering the two dimensional case only, the plan 
view of the boiler furnace may be considered аз а зеті- 
infinite strip in the z ріапе 12), The burner is assumed 
to be a source in the front wall a distance r from the side 
wall. The effective width of rear wall is assumed to be 2r. 
Thus, the boiler furnace with one central burner orifice can 


be represented by the following figure: 


4- 
ፋላ A ص‎ 
ar 
| Y PLANE 
D 
/ | ዴ 
G^ ú E 
[ራ- Ya ፲ኛ 


(13) 


Using the Schwarz-Christoffel theorem » the solution 


for the free stream velocity along the rear wall may be obtained 


in the following manner: 


The flow in the t plane may be represented thus: 


ec 





where H is at t = -1, б аб 5 = 1, and F at t = k 
and k > l. 

The deflection angles at H and G are “/2 and at F it 
1s zero, Therefore, the Schwarz-Christoffel theorem 


may be written as follows: 
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Applying the boundary conditions as follows: 
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Since the total strength of the source is -Q, in the 


upper half of the t plane only (% circle) w = Es 
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Substituting into the equation for w gives: 
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Stagnation points will occur where Du =© 
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Therefore, <= ¿č © is a stagnation point also. 


To get free stream velocity along rear wall, 
Aus 


ка 
where wv, and a are velocity components in the x and 


E M s 


y directions respectively. 
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Along the rear wall, 2- х +: Ó. 
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In a like manner: 


Cose Últ = — Cos. MX үш у у ү 
D > 
iG a osc os = چ س‎ + 
dz = Со. TX cosy Wir 
و‎ 2 
S. 5 


Therefore, equating real and imaginary parts, along 


the rear wall: 
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pM = Мо. 2... በ፪ (8) 
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It will now be necessary to arrive at a suitable equation 
Гог М, using this velocity. Due to the complexities of the 
geometry, attempts to analyze the problem in three dimensions, 
or even allow for the fact that the surface 1s composed of 


tubes, proved fruitless, Therefore, it became necessary to 


simplify the problem, 


As an approximation one can consider the boiler rear 


wall as a flat plate with a turbulent boundary layer,’ 








The origin of the axis system chosen w111 be at the 
stagnation point in the corner between the side aoo rear 
wall. To simplify the problem greatly, only the two dimensional 
case will be considered. Tt can be seen that for unit width 


іп the z direction: 


“ብ dg dx where bq. is heat trans- 


ferred to the wall over a unit length in the x direction. 


> © 
Ax, = | dq, = | NA lp AT 24 
where X is the velocity of the fluid at у 


Avis the temperature of the fluid above the wall 


temperature. 


o o 
Likewise: ገ ው | 7 Co AT в à-| [ spec anda |a» 


Over the distance &х the increased volume of fluid іп 
o 
the boundary layer may be represented by BI mda | к . 
© 
This increased volume of fluid brings in a quantity of 


heat equal to “а OVE Чо мъ . ፕጨላሁፎፍ”ር2፲ፎጃ DWFEEEME Slo: 
ኋ... 


ur [a fea] ee КҮЗ 


Due to continuity for steady state operation: 


ха -- e = 
qx, Rus а ኒኳ, š 
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Combining terms and dividing by dy, gives: 


© Y> 
E = 2 1 ን ЕСЕ - ~ | ዖዖ%።ም ጫሜ 
However, von Кагтап 9 gives the velocity distribution as: 
№ = Ag (у 
апа Rubesin(10) » Simplifying the equation for b by 
omiting the buffer layer and assuming a somewhat thicker 


boundary layer, gives the following relationship for b: 


че 
b= 92.571 ще 5 

DIR o 
By assuming that Лт зе А ^ 


E Д E E 


Substituting for v ano AT, 
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Since both A, and b will vary with x: 
Lg EONA lp AT, SA 
or integrating with respect to x between the limits of 
O to x gives: 


8 = Саша Ce = b 
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where the subsceipr x denotes the quantity evaluated at x. 


en. 
Substituting b= .2311ı - ን... 
No, X 
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Selecting values of depth between r and lr, and substi- 
tuting values of x from O to 2r into Equation 8 gives values 
of LR S e Raising each value of (Vo x] -to the .8 power 

е Y 
and taking a Simpson's mean gives Yo, x] AE e E e] 


where C} is given below: 





алатын v 
Noting that EIN ። and substituting the above 


values of Wo x] J into Equation 9 gives: 
ጂ ААД 
| | Са x 0 
kre езе [tee] 
е. AA E хе. 


Since r =D, D/2, D/3, D/l respectively, the following 


equation may be written: 
any 
ፍ=- ርን | 


where œ, ls given by Table 3. 


e e e (10) 
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Table - Values of Ax for Equation 10. 
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DISCUSSTON OF RESULTS 


In comparing the results obtained with circular orifices, 
burners for р = 9,and burners with р > 9, саге must be taken 
to note that each case has a different power of Хро as well 
as different values of XA « For example, using air with 
Na. = 300,000 and Np, ®" .7 gives: 


Circular orifice ~ Ка 

BurnersD = 9 ғы N. - X (73,500) 
| d Nu | 
ግ > 9 ~ የ E 


Although the values of Ny, will diverge somewhat due to 
changes in Np, › the values for the above case are plotted in 


Figure 11 and several general trends are evident. 


Neu with circular orifices is roughly 50% greater than 
with burners. Since the use of burners imparts a whirling 
motion to the fluid, the sideward velocity is considerably in- 
creased while the forward velocity is decreased. Therefore, 
the convection of heat by efflux into the boundary layer will 


be proportionately reduced and the burners will give a lower 


value of heat transfer. 


Another interesting aspect is that а У of 9 the 
curves of Nyu for burners falls off sharply. 15 is apparent 
that beyond this point the free area through the screen tubes 
is large and the forward velocity small so that the fluid 


fails to reach the rear wall in sufficient quantitj to prevent 


= 2,7 — 





some stagnation from occuring. The net atfect is a resultant 
decrease in heat transfer. With circular orifices, however, 

the major component of velocity is forward; and the fluid reached 
the rear wall in all cases within the ranges tested. From this 
dropving off, it may be assumed that in actual boiler furnaces 
the convection heat transfer to the rear wall is negligible 
pror = 9, This is substantiated with observations on 


marine boilers к of 9 would mean a depth of about 12 feet. 


Although the curves for An of 22.9 015.8 cross the other 
curves for the orifice case, the general trend of both the 
orifice curves and burner curves 18 the same. Also, with 
reference to Figure 125716 1s evident that as АР decreases, & 
first increases to a maximum value and then decreases again. 
For the circular orifices the value of Ap for maximum <“, 
becomes larger as depth increases. vis 06 be interpreted 
to mean that at greater depths maximum heat transfer will 
occur with smaller orifices. For the burners, all the curves 
are similar and maximum ሬኒ 1s at АТ of about 13. Beyond that 
point there is no advantage in adding more burner area, 

A search of the current literature revealed that 
McAdams (3) gives the following equation attributed to Colburn 
for heat transfer through a turbulent boundary layer with flow 


т, бо а ard surface: 





| ос ш 
E. р ча) 
With suitable а ко ረ becomes: 


Ec = 8,036 аси Ср =e . 96 о о о o • (11) 
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This equation is of the same form as Equation 9 except 
that the Prandtl Number, | Ce Ив | is to the 
1/3 power. In addition, McAdams gives the following relation- 
ship attributed to Jurges for flow of air at room temperature 


parallel to a vertical copper plate: 


11M 
TA = A, == ю (М ) 


° e° 5 5 5 е (12) 


where Ми is expressed in vO Z e c A 
and V? isin ft/sec. The factors for Equation 12 are given 
in Table Ц. 










| w IG Et/sec! 16, Ет/бес <. М16 100 ፍፒፖዴዲፎር 
во. Pr NES = 


үү | OX о, T - 


| Roven [109 0.2310 | 6 | ዕ5፪. ፀዉጮ _ | 





1.276 
It is clear that the value of Ши is dependent оп (У) 


when ES 16 ft/sec. but 1s dependent on s 


with VIS ft/sec. 
With the burners at = 2 10.5, Equation 7 shows the same 
dependence on the velocity, rather than the velocity to the 

.9 power. Аз previously stated, some stagnation must occur on 

; 


the rear wall кошт - 9, and thus the mean velocity would 


be very low - even below 16 ft/sec. 


Since very few tests have been run on heat transfer by 


fluid impingement, there is very little data avajlable for 


-7, እ = 





сотраг1зоп ригрозез. Friedman and Mueller! + ran some tests 
on air impinging on a horizontal heated plate and obtained 
the following equation: 

А. = NE E 225. 22 2.7 
where Cy was dependent on the plate and the spacing of the 
discharge orifice from the M Cı varied from Oll to 
e321 depending on the geometry. The geometry of these tests was . 


considerably different from that of & boiler furnace so no 


comparison can be made. 


(8) 


Holmboe and Hove give the following equation for 
impingement on a flat copper plate in the same boiler model 
used in these tests: _ 

«оз 


To z 
LU = oase [ER] а (8) 
e . MM 


> 

The value of of „0258 1s slightly higher than the values 
of .0095 to „021 found in the present tests for air discharging 
through orifices. This discrepancy is due to the lower ex- 
ponent of Nao found by Holmboe and Hove. The lower value of 

the exponent is believed due to inability of the equipment to 

maintain steady state at high rates, This caused their plots 
to curve over, and thus the resulting line had a lower slope, 
This equation gives a value of Ny, of 738 for the case of 


М = of and Nge = 300,000. This is approximately the mean 


PT 
value of the curves of Nyy for the orifice oase as plotted in 

Figure ll. It is of interest that the use of tubes instead of 
a flat plate made very little change on the heat transferred, 

This would support the use of the projected rear wall heat 


.*transfer surface in the calculation of h in Appendix E. 
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In analyzing the theoretical solution, no direct com- 
parison can be made since Мр, 18 actually based on the 
velocity along the rear wall rather than the mass flow through 
the burners. Since G = Wg and Ag із zero for a source, 

G has no meaning in this RI as 1t would be infinite, 
However, since the Reynolds Number is represented by = 
it is of interest to note that c= is the mass flow along the 
rear wall. ር eV equaled => where С із mass flow 
through the burners, a direct comparison could be made, 

Since for a constant value of Reynolds Number, №) 13 рго- 
portional to oc, , c. 1s plotted in Figure 11 for the sake 

of examining the trond of the curve. In the model, r was 6" 
and d was 2"; therefore, for comparison ا‎ may be assumed 
to equal 3 D. Tt may be seen that the shape of the curve 18 
similar to the burner curves with the exception that the dróp 
off beyond D = 9 is not included in the theory. It is inter- 
esting to Em that the curve is steep at shallow depths and 


levels off as depth increases, 














ጻን ም ТЕЖЕП ЕУІ 








ae በ፡ፐፕ ተ 


ወላ Meuwqes | зов ኃ=ነ:3:5 359: | > ! 


፦ | | | | ! | , 
8 | uma | E T RS E n ee es ae и cet E 
3141441414 nec GSE 
- 72 


| | | і | i 
= ፦ e i || . NU | | Ww! 
| | | EN n |፲7 
ን Е "Y P m TE 
"Re : | | | ‚= 
и | 
إا اس‎ 4 die Gl at 
| | |. | 
| 





' 


- — = - 
— 
ек = 





ን የጨ 








ጎ- 
- + 
Bra S 
== ЕЕ 
| 
4 





) 

| 

! 
4 2) 

| 





| 

| 
"El BEE. 

| 


« 4 
| 
D 
ው 


ime 
Mi 








M 


ge 


ር 
(бо 
IN. NUSSELT home 


S 
\ = 


1 


| 


с! 
M 
| 


| 
КН 
E | 


сес -ЕОО, ООС 


ons! 





N 


— — — —  — —— а 
| 
‘ 








AR LAI 


| 
| 
| 
! 
— 
| 
і 
і 
1 


— 


| (ел. 
| « ! 
ሸም 
| | 
Br E 


в = 
| 
| 
Е. oo 
| 
| 
| 
| 


| 
B 
| 


= E IDE Er тан рне ےا‎ nn س‎ መሙ ሙሙ-ወ» س — س‎ 
4 } . 


і 


— om በር — 
! 


і 

| 

| Й 1 

| \ | ; | М 

bL NL | WE o 
y “~ | 9 © ; |" 
ኣነ ص‎ - ДА й E. i = E 3 i Е -+- 

T е | : | | 
| 


E | ፡- 
1 
mi 
Е! 
E |! 
፦--1 
| | 
B 
в | 
L 
| | 
| 
{ 
| 
| 
er 
| 
L 
1 
| 
1 
| 
| 
| 
4 
a 
- 
— | 


_ = 2, — 








ТТГ” 


ГЕ Г За а-ы 
ze O E en ра ра г: 


ТТТ TP 
ዝ111 ሆለታ |ያ/፤ ||| ||| 


|_____ ||| УДА ЈД | ||| || 
АДА ДА || |||, 


+ ДА АЦА ||| ||| 
| 









АЯ 





ИШТ, 
ДКА 
Š 


АЕ 





сеа 
1 ጋ 


~VALLES Or CL Foe EGuUATION 5 


FIGORE - 12% 


о 


Me DiscraArcino Tueovoa ДА Слесомке. Овделсео, 


_- — = -- 





© 
”ተ1111 111111111111 11) 










TTT Mi a 
ОДП ДР ДЦ |, 
СГ" 


ү Ще 
IVI [| 


ДАДА, 
ШЕШЕНІ 


ДДТУ ЦІ 


А 
ы 








Ao 


4 oo 


Foe EQUATION G £ 7 


b 
де ሂነላጻር ላላልፎ ሬ5 ኒኳነነኔ ““ኻፎመቄህ9ፎዬህክራጵ “Tveicar Marwe Bvernees 


В РЕ ee 


ne vv 


FIGURE 


- =“ኑ -- 





APPLICATION TO DESIGN 


As previously stated, the method of calculating furnace 
exit temperature is one of equating the heat given up by the 
gasses to the heat absorbed by the furnace surfaces and solving 
for the exit gas temperature. The rigorous solution of the 
problem would involve equating radiation plus convection to 


the heat given up by the gas using the following equation‘); 


4 e 
1730 e ee (FE) || ti OSE N 





\ооо 1000 


а Me en (EN + bs ና ከ ከከ = = | 9 ቆ 511 
ка | те е 


where S, is cold surface, РЕҒл із the combined shape emissivity 
Гасбог, Tp is effective flame temperature, Те gas side tem- 
perature of the cold surface, U, is the coefficient of convection 
heat transfer, Tm is the mean temperature difference, Sw 18 

the projected heat transfer surface of the rear wall, Wp 18 
weight of fuel, R is air to fuel ratio by weight, LHV is the 

low heating value of the fuel, Gr is the enthalpy of the fuel 
above to, (ta - to is the temperature of the air above tos 

Cp 1s the specific heat of the incoming air, and атр is the 


sensible heat of the flue gas at the furnace exit temperature Tp. 


However, the question remains as to what value do TA 
should be used in the convection problem. The flame temperature 
Tp is too high a gas temperature since the gasses in the vicinity 
of the boiler rear wall have been found to be considerably 


соо1ег (12 16), In obtaining the data presented herein, the 
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gas was assumed to enter the boiler front at some constant 
initial temperature. In the actual furnace, combustion takes 
place after the fuel and air enter the furnace; while in the 
test apparatus, combustion was assumed to have taken place 
prior to blowing the gasses into the furnace. Therefore, in 
order to use the data as presented, the assumption must be 
made that combustion has taken place and the gasses have 
assumed some initial temperature prior to impinging on the 


rear wall. 


The easiest way to handle this is to first calculate 
the furnace exit temperature Tp using only the radiation 
portion of Equation 15. The gasses are then assumed to impinge 
on the rear wall at this temperature Tp. Using the following 


equation, a corrected temperature of the gas leaving the 


furnace Ту тау be computed: : 
с эш 
E Ws Co Е ps uc 
Ро 
Me ላር 
еко оо ን... 
== і "Oe Sus = 9 59 5 5 5 5 5 (136) 
E Wy Ce 


where T, was previously calculated.and Т. 18 the outside 
temperature of the rear wall tubes and may be considered 
equal to the temperature of the boiling water within the tubes 
Tg» Since the coefficients of heat transfer through the metal 
and to a boiling liquid are very high. Sy is the projected 
area of the rear wall heat transfer surface, М, = Wa+ We; 


С, із the specific heat of the gas evaluated at the average 


р 





со зе 





gas temperature ' y and Ч. із given by the following: 


E 

For change of state, the coefficient of heat transfer through 
the water film inside the tubes hy is very large; sol may 
be neglected. Likewise, k, the thermal conductivity of the 
tube wall, may also be neglected unless the wall thickness is 


large. Therefore, 0, 5 ДА. » and h may be found from 


Equation 6 repeated below: 
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where Cp , “< , and Kk are evaluated at the film temperature 
Tf and Tf = Т. + АТ мБегебТи 18 given by the following 


2. 
equation: 
Es sm 
AT), = — oo a o o o REEDE 
E 
C — s 


\ 


Values of ዐር are plotted in Figure 13 vs. р/а апа Ар/Ао. 


In computing G, the vanes in the registers are not allowed 


for; therefore: 


== 5- 9 5 95 ө о ОИ 


where Wg is the total weight of gas and A, 15 the total 


burner area, 


By estimating Tj, the film temperature and average gas 
temperature are computed. Using these, U, and Ср are determined 
and T4 solved for using Equation 16. With this new Ty, the 


process is repeated solving for another value of T4. Usually 


- 
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. converge on the solution with enough 


accuracy for engineering caloulations. 


This correction for rear wall convection may be considered 


negligible with D/d greater than 9. 








CONCLUSIONS 


One of the basic assumptions made in analyzing this 
problem 1s that the gas enters the boiler front at some 
Anitial condition. In actual practice, oil and air enter 
‚through the atomizers and air register respectively; the 
oil ignites, and the burning gasses expand outward. The 
total weight of gas 1s equal to the weight of air and oll to- 
gether. This doesn't change in the combustion process; but 


the velocities do. 


In spite of this, the data presented for the fluid dis- 
charging through burners should give a good approximation of 
the heat transfer by convection in the boiler rear walls. 


The method of applying this data is given іп де brelteebino SECTION. 


In general, the following conclusions may be drawn in 


regards to the convection heat transfer in boiler rear walls: 
1. At depths beyond D/d = 9 the heat transfer is negligible. 


2. The heat transfer is a function of D/d and Ap/Ao, and 


the use of these parameters in testing was correct. 


3. There is no increase in heat transfer by reducing 


Ap/Ao beyond a value of about 13. 


В. In computing the heat transfer, the projected area 


of the heat transfer surface may be used. 
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RECOMMENDATI ONS 


The following recommendations may be made as a result 


of this study: 


1. Tests should be run on models with the tubes at 
various spacing and backed by both tangent and "T" tile 
to determine if the use of the projected area would be 


justified in these cases. 


2. Further small scale testing such as this should 
be done using liquids as the fluid. This would allow more 
accurate measurement of velocity, weight of fluid, and 
temperature since radiation would be virtually eliminated. 
The use of liquids would also allow the Prandtl Number of 


the fluid to be easily varied. 
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АРРЕМОТХ А 


DESCRIPTION OF APPARATUS 


In order to effectively evaluate the convection heat trans- 
fer on the boiler rear wall, it was necessary to simulate with 
models the fluid flow and heat transfer а ла tha t oc in 
a boiler furnace. To accomplish this, a model boiler was used. 
Air supplied by a turboblower through a flow meter was blown 
through the model. The heat transfer наз accomplished by re- 
versing the normal boiler process and allowing the heated rear 
wall to heat the air. By measuring the weight of air flowing 
and inlet and outlet temperatures, the actual heat transferred 


to the fluid could be computed. 


Therefore, with reference to Figure A-1, the testing 
apparatus consisted of a model boiler, steam generator, turbo- 


blower, flow meter, and associated valving and instruments. 


The model boiler (see Figure A-2) was a modification of 
the 12 inch model used by Holmboe ana Hove | B ]. Tt consisted 
of & plywood box similar to a boiler furnace with an adjustable 
front, tubular rear wall, and a row of dowels representing the 
screen tubes in a marine boiler. The furnace front was a mov- 
able copper plate containing the burner orifices. The scale 
chosen was 1/8 inch = 1 inch; so that the two inch orifices 
represented 16 inch diameter burners. By moving this plate, 
the furnace depth could be varied from 6 to 21 inches. Four 
different orifice plates were constructed with 1, 2, 3, and 4 


orifices respectively. The orifices were arranged so that the 


Sa = 





center of area of the orifices coincided with the center of 
the plate. In addition they were cut 32" between centers to 


correspond with normal boiler practice of 26 inches. 


The tubular rear wall (see Figure A-3) was a series of 
thirty-two 3/8" 0.D. copper tubes brazed into an upper and 
lower header. The lower ends of the tubes were curved through 
slightly less than a right angle to give flexability for thermal 
expansion.  Sufficient length was allowed so that a 12 inch by 
12 inch flat surface of tangent-tubes was exposed to the im- 
pinging fluid. The upper header was fitted with a steam inlet 
and a combination vent and pressure tap. The steam was dis- 
tributed in the header through a length of 3/8" 0.D. copper 
tubing, plugged at the end, and drilled with 1/16" holes whose 
combined area was equal to the cross sectional area of the inlet 
line. Тһе lower header was fitted with a condensate drain. 
As installed in the model, the tubes were backed by 1 inch of 
asbestos cement, and the headers insulated with rock wool pad- 


ding. 


Steam for heating the model rear wall and to run the 
turboblower was supplied by a Clayton Steam generator. Steam 
to the rear wall passed through a needle valve into a moisture 
separator. A small tangential hole admitted the steam with a 
swirling motion, separating the entrained water which drained 
out the bottom. The dry steam passed out the tap to the upper 
header and into the tubular rear wall. The condensed steam 


drained into the lower header and out the condensate drain. 
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+ The turboblower was an Allis-Chalmers aircraft turbo- 
supercharger with the nozzle blocks modified to take steam. 
Saturated steam at 110 psig, as provided by the steam generator, 
passed through a regulating valve and a throttle valve provid- 
ing a nozzle chest pressure of 50 psig. A bypass was used to 
direct any ехсезз air back through the turbine and out the 


exhaust. ; 


The flow meter was a concentric, square-edge orifice meter 

fitted with flange taps. The meter was installed in sufficient 

straight length of 3 inch standard pipe to insure accurate read- 
ings. A 2.114 inch diameter orifice was used, and the pressure 

drop across this orifice was read directly in inches of water 


on a differential manometer. 


ға 


е 
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In addition to the above, manometers were installed to 
measure positive steam pressuré in the model rear wall and air 


pressure in the inlet chamber of the model boiler. 


Two mercury thermometers were installed, one in the air 
inlet chamber and one in the stack, to measure the Д Т of the 
air through the boiler. They had a range of 51° С. апа were 
graduated in ООС, allowing the temperature to be read quite 


O 
accurately to the nearest ,.02 C. 


A small balance and a timer were originally used Гог 
ሽው (ካር and timing the steam condensed in the rear wall. 
However, this was eliminated when good agreement could not be 
obtained between the heat of condensation and the heat absorbed 


by the alr. 


ПА = 





Е5 


Model burners similar in geometry to those used on marine 


boilers were constructed. They could be attached to the ori- 
fice plate in the furnace front and imparted a swirling motion 
to the air as it entered the furnace. Details of the burners 


are shown in Figure A-l. 


A description of the test procedure and method of oper- 
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Figure A-6 
View of Model Boiler Taken from Inlet E 
g nd 
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Figure A-8 Burner Orifice Plate with Four Burners 
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Figure A-9 Steam Driven Turbosupercharger as Used 
in the Tests 








APPENDIX B 


TEST PROCEDURE 


The procedure for preparing the model and running a test 


is as follows: 


l. While the steam generator was coming up to pressure, 
the model was made ready for the test. The desired orifice 
plate and partition necessary for a given depth were selected 
and assembled in the model with the orifice plate against the 
screws 1n the floor. After insuring that the split rubber 
tubing on the partition and the rubber tubing seals around 
the doors and orifice plate assembly were properly located, the 
doors were closed and tapped with a hammer to set the points on 
the orifice plate assembly into the wood. The trunk snaps were 
then closed, squeezing the rubber tubing and making an air tight 


seal. 


2. At this point all the manometers were adjusted to zero 


and the two thermometers checked for identical readings. 


3. When the steam generator was up to pressure, the 
turboblower was warmed up and the speed slowly increased to 
maximum speed. The bypass control, in the combustion chamber 
on the turbine, was closed and the air regulating valve opened 
wide (see Figure A-1). Steam was next cut into the rear wall; 
and the vent valve, water trap drain valve, and condensate drain 
valve adjusted to allow a wisp of steam to flow out. This in- 
sured that the rear wall was completely filled with steam and 


no condensate or air were trapped in it. The steam pressure 


= 51 — 








їп the rear wall was adjusted with the needle valve to a posi- 
tive pressure of one inch of mercury. This pressure Was main- 
tained throughout the testing. The apparatus was allowed to 
run at this maximum rate for about 20 to 30 minutes until it 


was completely warmed up. 


h. During the above warm-up time, the barometric pressure 
was recorded as was the wet and dry bulb temperature which was 
taken with a sling psychrometer. These readings were also taken 
and recorded at the end of the test. The average ,were used to 
determine the specific humidi ty using the psychrome tric charts 


375 
in Ellenwood and Mackey" | Js 


u 


5. After the apparatus was warmed up, the bypass was 
opened to the turbine and the weight flow of air adjusted by 
closing the air regulating valve. Originally the weight flow 
was adjusted by throttling the steam to the turbine, but this 
proved unsatisfactory 88 the blower tended to hunt. Therefore; 
іп order to maintain a steady state, the turbine was run at top 
speed at all times and the weight flow of air regulated by by- 
passing the excess. This method of control proved quite satis- 
factory. | 

The steam pressure in the rear wall was then adjusted and 
the transfer of heat allowed to reach a steady state. This 
could be determined by observing when the inlet and outlet 


temperatures remained fairly constant. 


6. When steady state was reached, the burner orifice and 


flow meter heads Were recorded in inches of water. The first 


ሙ የጫ. ረ “ 





temperature reading was then recorded, followed by the second 
and third at two minute intervals. The flow meter head was 
again checked, and if unchanged, the next weight flow would be 
tested, If a change in flow was noted, the run would be ге- 


peated. 


Te After adjustíng to the next weight flow, and while 
awaiting steady state, the average inlet and outlet temperature 
was calculated. Using this T4 and To, A T through the model 


was recorded. The value of AT JAH. was then plotted 





against МАН; e This gave a good check on the consistency 


of the data from point to point since: 


ey Е 
But Q<= We Ce AT and h- —— 
а. “б B еб 
Therefore , J fen 
Ar ATin 
or since Ce із nearly constant, ЈА @ 
SE 


' and since Nou = щъ · Мод ~ AVY Ate 


e_ ч. 





се : 
Also Ме, = же апа Ф = Зе 
о 
Therefore, Ne. Y 3 Awe 


Since Ny), was assumed to be proportional to Nre to some 





power, then on a log-log plot СЦ уз. X AM. 
should plot as a straight line. This proved to be an excellent 
way of checking for points in error while still testing. А 


sample plot is shown in Figure B-l. 
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TEST DATA 


The following pages contain the data as recorded in 


the actual tests: 








APPENDIX С 
TEST DATA SHEET NUMBER |) 
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TEST DATA SHEET NUMBER _\-f 
DATE \O-13-59 


TANGENT TUBE MODEL _W/ recur BURNERS 
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APPENDIX ር 
TEST DATA SHEET NUMBER _ 1-8 
DATE _ 10-16-59 
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APPENDIX C 
TEST DATA SHEET NUMBER Z2. _ 
DATE. 7-A1£- 
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APPENDIX C 
¿TEST DATA SHEET NUMBER. Z 
DATE [0-7 IF 
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_APPENDIX G 
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TEST DATA SHEET NUMBER =-ዶ _ 
DATE 10-21-59 _ 
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APPENOIX C қ 
TEST DATA SHEET NUMBER k s 
DATE _/0-4- 52 
TANGENT TUBE MODEL 75997 BURNERS 


ft 


/-2 ORIFICE(S), 2 FURNACE DEPTH, 2.114 FLOW METER 


AMBIENT CONDITIONS 
_ AMOS __~- -___-_--- 


START FINISH . AVERAGE 
er Bie TEMPERATURE 72 °F , 72am ‚Mur 
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APPENDIX C 
TEST DATA SHEET NUMBER LA 
DATE MOISES, 


TANGENT TUBE. MODEL _4/(1M400T" BURNERS 
oa" _ORFICE(S), #8 “ FURNACE DEPTH, 2 114” FLOW METER 


AMBIENT CONDITIONS 
START FINISH AVERAGE 


WET BULB TEMPERATURE 55.2 °F | 365 “Е , 225 За 
ORY BULB TEMPERATURE GSS т, екъ, „6. ЗО Ч 
BAROMETER 20.20 “На, 30.2-/ “Не. , 30.205 ща 
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APPRNOLX _G 
TEST DATA SHEET NUMBER — . 
DATE 0:6-57 __ 


TANGENT TUBE MODEL howt BURNERS 


L-2” ORIFICE(S), 2 2 FURNACE DEPTH, 2.14" FLOW METER. 


A 





AMBIENT CONDITIONS 
START FINISH AVERAGE 


WET BULB TEMPERATUR 220 “Е, ZAL F | 262 “Е 
DRY BULB TEMPERATUR 22.577 , $70 ዥ , LI RSF 
BAROMETER ALI "На, 2224 "Не. ALLA “He 


REAR WALL STEAM PRESSURE. / ."He GAGE , SPEC. HUM. /22- GRAINS 


lb. DRY AIR 
RUN | or, | AHS 
ኢን "T 
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АР о 
e TEST DATA SHEET NUMBER %-4 _ 
e DATE _ 42248-57 |. 
TANGENT TUBE MODEL gout BURNERS 


/ 


— [2 .PRIFICE(S), _2/_" FURNACE DEPTH, 2414" FLOw METER 


AMBIENT CONDITIONS 
STARI FINISH V БЕ 
WET BULB TEMPERATURE ረመ RSS... PESO 
ORY BULB TEMPERATURE G2 Fr, CLIFF, GES 
BAROMETER ጅ 20.0 "На, 3021 "Не. , 3021 "Не 
REAR WALL STEAM PRESSURE. / “He GAGE , SPEC. HUM. 50 GRAINS | 
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TEST DATA SHEET NUMBER 22,8 
DATE _2- е- во 


TANGENT TUBE MODEL Woy  BURNERS 





—_/-.2 “_ORIFICE(S), 2/ “ FURNACE DEPTH, 2.114. FLOW METER 


AMBIENT CONDITIONS 


START FINISH AVERAGE 
WET BULB TEMPERATURE ER JE ተር) ር a зе 
ORY BULB TEMPERATURE GaaF , 22.0 Б , Gao °F 
BAROMETER 4 B0-06"He , Зеоа“Не „За 0 “Не 


REAR WALL STEAM PRESSURE / “Һс САБЕ , SPEC. HUM. ሪሬዴ- GRAINS 


lb. DRY MR 
mun] on, [ory 


— FF у = 












































|. 





| ; | D 
Tees r solar =s |= | 
ሪ = + 
2 2 “ > 
Ç 


«22.90.92, 8; 
RER 
Y ፀ K pat 2 A ጋ e 


|. 








+ ss ашаа ыб ; | 

e la. ما ای‎ a AR 20. ¢ 
Reese a 
P ጋ Dad 22 2ያ “2. PP „244 Ф 

5 20 · 2732. 2132 Lo 

.1.| === 

> 200 184 2 72157 ረሪ 192 zo 





ርኣ 
“ጎ 














N - 

ы 

ከ o ы 
PR. : Р 


~ \ R ነ 
ነ 

б ; Q ©, 
x ኳነ ነኣ 
N j 

ኔ 
\ чо 

LES, A 


SY > |9 | = = N E I 
wE і 
чхе MR 


Uy 

% 

A 
ኣነ 


~ 

У 

Ж 

: | 
5 j5 is ነነ Р 

| N | про i 

S 
S 





= Я 





АРРЕ МО 
TEST DATA SHEET NUMBER G = 
DATE /0-22- 52 
TANGENT TUBE MODEL (TH BURNERS 


// 4 a 
—4-2___ ORIFICE (S),_@ "^ FURNACE DEPTH, 2.114” FLOW METER 
ج“‎ A 


AMBIENT CONDITIONS 


| START FINISH AVERAGE 
WET BULB TEMPERATURE ALE = ее Фр CO 7 dF 
ORY BULB TEMPERATURE 66.9 F , GE? F GLY °F 


BAROMETER 22.62 “Не , 2365 "не. , 23.245 "на 


REAR WALL STEAM PRESSURE __/ “He GAGE `, ЗРЕС. НОМ. СК GRAINS 
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АР о 
TEST DATA SHEET NUMecem 4-7 
DATE 290 


TANGENT TUBE MODEL _Ww¿ZYA BURNERS 


ዒ 


2" _ORIFICE(S),_@ ” FURNACE DEPTH, 2.14” FLOW METER 


AMBIENT CONDITIONS 


START FINISH AVERAGE 
WET BULB TEMPERATURE yo °F , 2.0 .ጭ . .$4.09*F 


ORY BULB TEMPERATURE — éY.X 'F , фло то, 44275 °F 
BAROMETER 20. 2 "на, | 30.2% "He , 30.24 “Не 
REAR WALL STEAM PRESSURE. / ."He GAGE , SPEC. HUM. $$. RANS 
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TEST DATA SHEET NUMBER _2 
ና Е 70957 


TANGENT TUBE MODEL WITH BURNERS і 


— £22... ORIFICE(S), |. /O " FURNACE DEPTH, 2.114 FLOW METER 


AMBIENT CONDITIONS 


| START FINISH AVERAGE 
WET BULB TEMPERATURE Iolo °F . бАУ °F , B20 "Е 
DRY BULB TEMPERATURE 65.2 “ , ELIF , 62.0 °F 
BAROMETER 29.65 "Ha , 'атеј "Не. , 23,27 “He 


REAR WALL STEAM“PRESSURE_/ “He GAGE , SPEC. HUM.____72, . SATA 
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ARP |. 1 ር C 
TEST DATA SHEET NUMBER 2- Z 
DATE 20-57 


TANGENT TUBE MODEL C; rA BURNERS 


д», 7/ 7 | ነ 
a _ORIFICE(S), 76 __” FURNACE DEPTH, 2.14" FLOW METER 





AMBIENT CONDITIONS 
START FINISH AVERAGE 
WET BULB TEMPERATURE Йов, 2ያ፳ፓ ጭ . ,ሪሪደድጅሎ 
ORY BULB TEMPERATURE 640 СЕ, 442 ጭ , ሬፉኖያ СЕ 
BAROMETER 20.24 "Ha , 30.24 "на 20.24 "на 


REAR WALL STEAM PRESSURE./ "He GAGE .. SPEC, HUM. Z6 GRAINS 
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APPENOIX С 
TEST DATA SHEET NUMBER a. 
DATE. /0-39-»5' T 


TANGENT TUBE MODEL LU THe BURNERS 


2 ORIFICE(S),/Z_ ” FURNACE DEPTH, 2.114" FLOW METER 





AMBIENT CONDITIONS 





















































START FINISH AVERAGE 
WET BULB TEMPERATURE SII E. - OE NEL: i ዘቡ 
ORY BULB TEMPERATURE CHEST, GES Фр, со ор 
BAROMETER Зе “Ha 29.30 "He. , 30.40 “Но 
REAR WALL STEAM PRESSURE __/ . "He GAGE , БРЕС НОМ. 53 GRAINS 
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АРР ርን 
TEST DATA SHEET NUMBER 9-4 _ ' 
DATE Agg- sr " 


TANGENT TUBE MODEL © th- BURNERS 


32 _ORIFICE(S), Z " FURNACE DEPTH, 2.114" FLOW METER 


AMBIENT CONDITIONS 
START FINISH AVERAGE 


WET BULB TEMPERATURE S¥i5 °F 55.2, Б 34825 TF 
, ሪፉያ ሜ | CLF S- °F 


ORY BULB TEMPERATURE 47.4 ጭ 
BAROMETER 30.21 "Wa 3e 24 "He , 34. 24 “He 


REAR WALL STEAM PRESSURE _/ “We GAGE , SPEC. HUM. #P GRAINS 
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RUN || OH, | ዛሬ | Ая, 
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APPENOIX С 
TEST DATA SHEET NUMBER 72 _ 
` DATE . /0-20- x3 


TANGENT TUBE MODEL A/ (TH BURNERS 


6 


222 ORIFICE(S), /X^ " FURNACE DEPTH, 2.114" FLOW METER 


AMBIENT CONDITIONS 











SIART FINISH AVERAGE 
WET BULB TEMPERATURE aS с ое С = 
ORY BULB TEMPERATURE Ск, ео яр , HY °F 
BAROMETER ZO.24"He , 200% "He ; 30.24/ "He 
REAR WALL STEAM PRESSURE _/_ "He GAGE , SPEC. HUM._4#& GRAINS _ 
lb. DRY AIR 
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АРР (3 
TEST DATA SHEET NUMBER E 
DATE | /2-/7- 579 қ 


TANGENT TUBE MODEL ш BURNERS 


' /-2"  _ORIFICE(S), 4% " FURNACE DEPTH) 2.114" FLOW METER 


AMBIENT CONDITIONS 


START FINISH AVERAGE 
WET BULB TEMPERATURE SiS 2 Z ° ЕЕ 
ORY BULB TEMPERATURE ሪፈ.ድ ጭ , 22.5 ФР, 690 °F 
BAROMETER 20.49 "Wy о dp he 
REAR WALL STEAM PRESSURE. /. "H& GAGE . SPEC. HUM. 5.2. GRAINS 
TEMPERATURE °С 
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АР о 
TEST DATA SHEET NUMBER /0 
DATE _/1- 20-59 
TANGENT TUBE MODEL Wow BURNERS 
ia!  ORIFICE(S),_2/_” FURNACE DEPTH, 2.14” FLOW METER 


AMBIENT CONDITIONS 


START FINISH AVERAGE 
WET BULB TEMPERATURE S40 °F 235 ጭ , £20 °F 
ORY BULB TEMPERATURE መረን ረጋ > Е 
BAROMETER 202% "He , 7024 "He , 20.204 "Не 
REAR WALL STEAM PRESSURE. / “He GAGE | SPEC. HUM. _ 42 GRAINS _ 
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АРР о 
TEST DATA SHEET NUMBER /0- Z 
DATE _/2-77= 57 


TANGENT TUBE MODEL Mitko BURNERS 


L>”  овСЕ(5),2/ “ ЕЧВМАСЕ DEPTH, 2.114" FLOW METER 


AMBIENT CONDITIONS 
START ІЛЕГЕ AVERAGE 
WET BULB TEMPERATURE S225 SOT ISE 
DRY BULB TEMPERATURE 425 °ъ® , 62.7 ጭማ , 42.46 “Е 
BAROMETER 44/3 "Ha | JQ “He , 30.492 “He 
REAR WALL STEAM PRESSURE_/ "He GAGE , SPEC. HUM._ JA GRAINS 
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АРР о 
TEST DATA SHEET NUMBER /0-/3 


OATE 2 A o ጋ 


TANGENT TUBE MODEL Lu па BURNERS 


г 


ha” ORIFICE(S) , 2/7, " FURNACE OEPTH, 2.14" FLOw METER 
і 


.* AMBIENT CONDITIONS ` 
START FINISH AVERAGE 
WET BULB TEMPERATURE дао °F .. $136 °F . 2223 °F 
ORY BULB TEMPERATURE 420 F , ева Фо, #36 ^F 
BAROMETER 30.02: “Не, З0.02- "Не , ЗОО" Не 


REAR WALL STEAM PRESSURE / "Hc; GAGE . SPEC. HUM. Yy GRAINS 
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АРР о 
TEST DATA SHEET NUMBER // 
ОАТЕ _//-6-2@# 


TANGENT TUBE MODEL J €XoÁo e BURNERS 


3-2” _ORIFICE(S),_@ " FURNACE DEPTH, 2.114" FLOW METER 


AMBIENT CONDITIONS 


START FINISH „AVERAGE 
WET BULB TEMPERATURE Оф Бас | За Lo °F 
ORY BULB TEMPERATURE 22.2 “Е, 250 TF , 2Z 325 °F 


BAROMETER ን 30.06 “На, 30.06 “Не , 20:06 "He 
REAR WALL STEAM PRESSURE _/ “Не САБЕ , SPEC. HUM... 2o GRAINS 
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TEMPERATURE °C 
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АРР DR 
TEST DATA SHEET NUMBER /ፌይሪ . 
DATE _/-8:-S9 


TANGENT TUBE MODEL WITHOUT BURNERS 


— 3.2"  ORFiCE(S,. & ” FURNACE DEPTH, 2.114" FLOW METER 


= ; 
መ a 


AMBIENT CONDITIONS 


START ከ ከ EN, AVERAGE 
WET BULB TEMPERATURE 529 EA оре IAS E 
DRY BULB TEMPERATURE Ё х ማፕ , 635 % , kyo “Е 
BAROMETER 20.30 “На, з?0.30 “Не ; 3030 "Не 
REAR WALL STEAM PRESSURE —/— “He GAGE , SPEC. HUM. 7_ LRANS 


lb. DRY АК 
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NAPPENDIX C 
TEST DATA SHEET NUMBER Z — 
ህጨልፐሯ //-ሪ -ፓፇ 


TANGENT TUBE MODEL without BURNERS 


& 
— 2-2 7 _ORIFICE(S), 20.” =FURNACE DEPTH, 2.114" FLOW METER 


AMBIENT CONDITIONS 
START FINISH AVERAGE 
WET BULB TEMPERATURE 70.2 “Е, 4 ЕЕ | GGG °F 
ORY BULB TEMPERATURE ZTO F йкес 7425 °F 
BAROMETER 30:04 "Ha , 20:06"He , 30.06 “He 
REAR WALL STEAM PRESSURE. / “He GAGE | SPEC. HUM. _/0/ GRAINS 


lo. DRY AIR 
mun] on, [ory ат m 
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АРР O 


TEST DATA SHEET NUMBER /2-8 
M DATE - 14:49 _ 


TANGENT TUBCt. MODEL. £uirHQuIT BURNERS 


3-2”  ORIFICE(S), _/0” FURNACE DEPTH, 2.114" FLOW METER 


AMBIENT CONDITIONS 


START FINISH AVERAGE 
WET BULB TEMPERATURE 50.2 a ео ; Be) °F 
DRY BULB TEMPERATURE 63.0 F , FOF , GX o °F 
BAROMETER i 209./5- en 30 г "Не | 26. (ት с 




































Ib DRY AIR 
anen an Jar Tar 
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Xo 4.2L |355? 136.00 | ЕЯ 3.97 | 213 |377 
T 
“rn Ta са а ر‎ ae | 
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E E ШІ Бара cia ee 26. Бане 2 22001 250. 
Ж m= mm ны m г 
FLEE ке መመር MM 
Fe pere ыз меке әке |296 


REAR WALL STEAM PRESSURE _/ “не GAGE , SPEC. HUM. 63 GRAINS 
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men m mom T 
"E ^s 3.50 

Т. eee pese fe pese мо | 222. | 243 
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АРРЕМО 
TEST DATA SHEET NUMBER 13 
DATE - 


TANGENT TUBE. MODEL CO ZAos*  BURNERS 


2-2." OomwicE(9, 77. " FURNACE DEPTH, 2.114” FLOW METER 


AMBIENT CONDITIONS | 
START FINISH AVERAGE 


WET BULB TEMPERATURE — фр "Е, ¿Z£ * . QZT °F 
ORY BULB TEMPERATURE ULF, MET, ILL 


BAROMETER 30.06 "He  20.0S5*He , 30.0% "Ho 
REAR WALL STEAM PRESSORE./__"heGAGE , SPEC. HUM. _Z00 GRAINS 








lo. DRY NR 


RUN | AH, | OH, TEMPERATURE °C т 
'&o| "to 2 
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АРР O 


TEST DATA SHEET NUMBER /3-2 _ 
DATE _//- Bes 7 


TANGENT TUBE MODEL _ ሪ/ጠሮፎኞሆ TI BURNERS 





— 3-2" QRiFice(s), _/4 " FURNACE DEPTH, 2.114" FLOW METER 


AMBIENT CONDITIONS 


START FINISH AVERAGE 

WET BULB TEMPERATURE ሠጋ ርን СЕЕ Бос е ЕР 

DRY BULB TEMPERATURE LLO TF , 62.0 TF , 66.0. °F 

BAROMETER Зое "На , 3016 "Не , 30.16 "He 
REAR WALL STEAM PRESSURE. / "He GAGE ‚ SPEC. HUM Gh en | 
b. DRY AIR 


СТ. an ass ana 
HS peer ete asta з 
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АРР ርን Ы 
TEST DATA SHEET NUMBER _/4 
DATE __//- 7- 59 


TANGENT TUBE MODEL _44//TH40UT” BURNERS 


3-2 ORIFICE(S), /& " FURNACE DEPTH, 2.14" FLOW METER 


AMBIENT CONDITIONS 
START FINISH AVERAGE 


WET BULB TEMPERATURE MOT | COE o 
ORY BULB TEMPERATURE ето F , оса F , CFE °F 
BAROMETER 30.27 "На , 30.23 "He. , 20,225 "He 
REAR WALL STEAM PRESSURE. 7 "He GAGE | SPEC. HUM. ем GRAINS 


lo. DRY AIR 
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APPENDIX ር. ' 
TEST DATA SHEET NUMBER M-A | 
DATE _ //-/2-@? 1” 


TANGENT TUBCt MODEL, /rmouT BURNERS 


е 


3-2  ORIFICE(S), 1%” FURNACE DEPTH, 2.114” FLOW METER 


AMBIENT CONDITIONS 





* START : FINISH AVERAGE 

WET. BULB TEMPERATURE ЛЕ, эта OE 

DRY BULB TEMPERATURE 62.6 ጭ , EEO. TF , 64.3 “Е 

BAROMETER Қа 30.30 “На, 30.32, “Не. „ 20.37 "Не 
REAR WALL STEAM PRESSURE _/ _"Hc GAGE , ЗРЕС НОМ. 55 mu 
š ) 
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APPENOIX С 
TEST DATA SHEET NUMBER _/2 
DATE //- 5-57 


TANGENT TUBE MODEL ሪ/ሪጩሮፎሎሀ ፲፲ BPURNERS 


Зако б 


_3-2" _ORIFICE(S), _2/ ” FURNACE DEPTH, 2.114" FLOW METER 


AMBIENT CONDITIONS 





START FINISH AVERAGE 
WET BULB TEMPERATURE 25 “መጓ” 529 Фр 5809 °F 
ORY BULB TEMPERATURE елі FE, BAT OEY р 
BAROMETER ጋጋ nts 30.20 "He , 30.3087 "Не 


REAR WALL STEAM PRESSURE. / "He GAGE , SPEC. HUM. 6/ GRAINS 


lb DRY AIR 
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АРР S 


TEST DATA SHEET NUMBER /5-2 _ 
DATE AS ни 


TANGENT TUBE MODEL _WrrkoyuT BURNERS 


__=- 2" ORIFICE(S), 2/ ” FURNACE DEPTH, 2.114 FLOW METER 


AMBIENT CONDITIONS 


START FINISH AVERAGE 
WET BULB TEMPERATURE OS SI тыш 
DRY BULB TEMPERATURE бео % , Со ж) О-о °F 
BAROMETER 30.27 “Не, 20.32 "Не GOST He 
REAR WALL STEAM PRESSURE / "ክሬ GAGE , SPEC. HUM. 3 መ - 
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АРР ርጋ 


TEST DATA SHEET NUMBER /ሬ 
DATE _/- ዴ ይሠ 


TANGENT TUBE MODEL Lu r] e BURNERS 


а" свкиткв( >, е“ FURNACE DEPTH, 2.114 FLOW METER 


СЕН CONDITIONS 


START FINISH AVERAGE 
o 7 о АС” ወ 
WET BULB TEMPERATURE | 49.2, "^F , шо Г, , = d = 
ORY BULB TEMPERATURE 63.5 _° , 615 oF | 63. | 
BAROMETER 29.09 "Ha. , at Je OO Hs 


GRAINS 
REAR WALL STEAM PRESSURE —/— "He GAGE __ БРЕС. НОМ.__=е _____--- ал 


|b DRY AIR 
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АР © 


TEST DATA SHEET NUMBER ZZ __ 
DATE /-4-97? 


TANGENT ТОВЕ МОрЕС 42400 BURNERS 
2-2”  ORIFICE(S),_/0 ” FURNACE DEPTH, 2.114" FLOW METER 


AMBIENT CONDITIONS 


| START FINISH AVERAGE 
WET BULB TEMPERATURE упор dm NE Sou ер 
ORY BULB TEMPERATURE 02.5 Ғ , бо 07% , Фа “Е 
BAROMETER ` 37 ХЕ“ На, 2927 “Не , 47. 295 “на 
REAR WALL STEAM PRESSURE -—L— "He GAGE , SPEC. HUM. 2ፖ SANS 


Vo. DRY AIR 
Р BUN Ан, | АН, JAR, TEMPERATURE °С AT An A 
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лш; > 
LT. م رد امھ داعو روا‎ 
et ¿a S rami aen 6.00 |1e.so m 
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АРР ርጋ 
TEST DATA SHEET NUMBER _/ё 
DATE _ 3-8-60 


TANGENT TUBE MODEL __ Y (THOUVT BURNERS 


22%  ORIFICE(S),_/% " FURNACE DEPTH, 2.114" FLOW METER 


AMBIENT CONDITIONS 
START ` FINISH AVERAGE 
WET BULB TEMPERATURE Ае Л сс OS E 
ORY BULB TEMPERATURE Фо. ої ЗБ , оне съ °F 
BAROMETER 30.17 о, 30.0? чне | 3017 “Не 
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АРР ርጋ 
TEST РАТА SHEET NUMBER /9 _ 
DATE _3-P-40 


TANGENT TUBE MODEL (Ji thoy BURNERS 


2-2" ORIFICE(S), /2,; " FURNACE OEPTH, 2.44 FLOW METER 


AMBIENT CONDITIONS 


SLARI FINISH AVERAGE 
WET BULB TEMPERATURE ОТА TL3 | о аз 
DRY BOLB TEMPERATURE ራሬ2.2ፕ ; ሪጋድ ማኝ , ፈድ °F 
BAROMETER Зоя "Нь, alg "Hs , 30118 "Ho 
REAR WALL STEAM PRESSURE _/. "He GAGE , SPEC. HUM. #2. GRAINS 





lb. DRY AIR 
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АР O 
TEST DATA SHEET NUMBER 429 . 
DATE _3- MET _ _ ` 


TANGENT TUBE MODEL _WitHovT BURNERS 


_ 2-2" _ORIFICE(S),_2/_” FURNACE DEPTH, 2.114" FLOW METER 


_AMBIENT CONDITIONS 
START FINISH AVERAGE 
WET BULB TEMPERATURE Ре. #5727. 3 er 5. 0) EE | 5H, T op 
ORY BULB TEMPERATURE Сре Бе а መመ шубе 


BAROMETER 30.(Y "us , Зо "Не. , 330.157 "Не 
REAR WALL STEAM PRESSURE "He GAGE , SPEC. HUM. “ел олын — 


Ib. DRY AIR 
RUN | AH, | AH. | Ди, TEMPERATURE AT = ату, 
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| APPENDIX С С 
TEST DATA SHEET NUMBER _2/ 
DATE 3- /^/-LO і 


TANGENT TUBE MODEL.  //I/TH  BURNERS | ! 


- 2:2” ORIFICE(S),_6 ” FURNACE DEPTH, 2.114" FLOW METER 


AMBIEN T CONDITIONS 
START FINISH AVERAGE 
WET BULB TEMPERATURE St.0 “Е, Фиу- "Е , 552) 76 
DRY BULB TEMPERATURE бо р ¿22 тро, ሩጭሪ °F 


› 


BAROMETER ጃሪ. / E ‚ 30.16 “Не , 30/6 “Не 
REAR WALL STEAM PRESSURE. / "не GAGE SPEC. HUM... €/ GRAINS 


i lo. DRY AIR 
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APPENDIX С 
TEST DATA SHEET NUMBER QA č 
DATE SLUB 


TANGENT TUBE MODEL lade th BURNERS 


И і y 
2-2" ORIFICE(S), 720 " FURNACE DEPTH, 2.114" FLOW METER 


AMBIENT CONDITIONS 
START FINISH AVERAGE 
WET BULB TEMPERATURE SAGTAF | ЕВО , SIS SE 
DRY BULB TEMPERATURE <ፌመቓ.ኤ ጭማ , 22.0 % , 03./ “Е 
BAROMETER За/в "На, 30./6 “Не , Base “Не 
REAR WALL STEAM PRESSURE. / “Не ОАФЕ , SPEC. HUM. 242 GRAINS 
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TEST DATA SHEET NUMBER 203 __ 
DATE 2-/?2-Co 


TANGENT TUBE MODEL. ATH BURNERS 


222  ORIFICE(S),_/% ” FURNACE DEPTH, 2.14" FLOW METER 


AMBIENT CONDITIONS 



































START FINISH AVERAGE 
WET BULB TEMPERATURE AAA ЕЕ OZ as ep 
DRY BULB TEMPERATURE ሬሪ=፲ማጭ , ES. өр , GAST °F 
BAROMETER AA A PID “He 
REAR WALL STEAM PRESSURE__/ “He GAGE , SPEC. HUM. __S37 GRAINS 
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АРРЕМО 
TEST DATA SHEET NUMBER 2% 
DATE „3-/2-62.  . 
TANGENT TUBE MODEL ZZ BURNERS 


__d-2 ORIFICE(S),ZP ^" FURNACE OEPTH, 2.114” FLOW METER 


AMBIENT CONDITIONS. 
START FINISH AVERAGE 
WET BULB (TEMPERATURE SIS (ос 50 ALA 
ORY BULB TEMPERATURE SYS F , ፌሬፌደሪዐ F , 475 ғ 
BAROMETER 4 £3"W.,-g.3'H« , ALL "te 
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TEST DATA SHEET NUMBER z^? 
DATE #2-/2-со 


TANGENT TUBE MODEL _ ¿ər BURNERS 
_ 2:2" _ORIFICE(S), „2/ " FURNACE DEPTH, 2.114" FLOW METER 


AMBIENT ' CONDITIONS : 
START FINISH AVERAGE 


WET BULB TEMPERATURE BGS °F | SF , 56.35 “Е 
ORY BULB TEMPERATURE eso "p , ፈሬ ርግጥ , «5:0 “Е 
BAROMETER’ 29.33 "На, 4983 "Но , 292.23 "Не 


REAR WALL STEAM PRESSURE__/_"HeGAGE , SPEC. HUM. = RAINS — 
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TEST DATA SHEET NUMBER Ze __ 
DATE __2-'7- ሬፎ 


TANGENT TUBE MODEL __4W ITH 1. BURNERS 


23-24 ORIFICE(S) , — 6” FURNACE DEPTH, 2.114 FLOW METER 


AMBIENT CONDITIONS 


START FINISH AVERAGE 
WET BULB TEMPERATURE <=. °F 49:0. °F 592,25 °F 


ORY BULB TEMPERATURE QC SAA C. QU? at 
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АРР O 


TEST DATA SHEET NUMBER A 
DATE 3-/2-со ነ 


TANGENT TUBE MODEL wW (TH BURNERS 


32"  ORIFICE(S), го ” FURNACE DEPTH, 2.14 FLOW METER 


AMBIENT CONDITIONS - 


START FINISH AVERAGE 
WET BULB TEMPERATURE ¿o e A AA 
ORY BULB TEMPERATURE ска (есе cv , G7 ብ] 
| BAROMETER ኋ5. 77 "На., 2224 “Не. , 242 He 
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АРР OLX 
TEST DATA SHEET NUMBER 87 — 
DATE __3-19-40 


TANGENT TUBE MODEL With. BURNERS 


ዒ 


1) 


2-2 ORIFICE(S), 24 | FURNACE DEPTH, 2.114 FLOW METER 


AMBIENT CONDITIONS 


| START FINISH AVERAGE 
WET BULB TEMPERATURE szo °F 520 “Е . $7.0 ^F 
ORY BULB TEMPERATURE GSS TF , GLO F , 24.25 “Е 


BAROMETER 22-77 "Ha , 29:22. "Ho , 29.78 "Не 
REAR WALL STEAM PRESSURE / "He GAGE , SPEC. HUM. SS GRAINS 
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APPENDIX 


ТЕСТ DATA SHEET NUMBER A = 
DATE _3-2%c0 


TANGENT TUBE MODEL WITH BURNERS 


3-2 ORIFICE(S), 48% FURNACE DEPTH, 2.114” FLOW METER 


AMBJENT CONDITIONS 








START FINISH AVERAGE 
WET BULB TEMPERATURE SAS ቅጅ . 2ሯ= ФЕ 225 “ғ 
ORY BULB TEMPERATURE qs F éo. € , CII °F 
BAROMETER r 2120 "На , 29.20 "Не , 29.79 "Не 
REAR WALL STEAM PRESSURE. / "He GAGE | SPEC. HUM. -ZS GRAINS 
2 і 
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APPENDIX 


TEST DATA SHEET NUMBER 30 
DATE wur GO 





TANGENT TUBE MODEL м/н BURNERS 





и 


- 3-3. _ORIFICE(S),_21 7” FURNACE DEPTH, 2.114” FLOW METER 
AMBIENT CONDITIONS 
START FINISH | AVERAGE 
WET BULB TEMPERATURE መታ ከከ. ፡ ова er 
ORY BULB TEMPERATURE 64.0 ማሣ ,. 623.5" "TF езе ек 
BAROMETER 29.200 "Ha , 22.70 “Не , 2420 "ክሬ 
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АРР ከን 


TEST DATA SHEET NUMBER 2ታ - 
DATE _-7-/-боО 


TANGENT TUBE MODEL WITHOUT BURNERS 


— 4-2 _ORIFICE(S),_@ " FURNACE DEPTH, 2.114" FLOW METER 


AMBIENT CONDITIONS 


START FINISH AVERAGE 
WET BULB TEMPERATURE CELL о ох SF 
ORY BULB TEMPERATURE Со ን OS E 
BAROMETER 24935029 93 "Hs — 29423. "Hs 
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REAR WALL STEAM PRESSURE. / "Hc GAGE | SPEC. HUM ZO GRAINS 
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TEST DATA SHEET NUMBER 22" _ 
DATE _4-/-60 


TANGENT TUBE MODEL _WITHOUT- BURNERS 


2 LL ORIFICE(S) , 1.70." FURNACE DEPTH, 2.14 FLOW METER 


т" 


AMBIENT CONDITIONS 





START FINISH AVERAGE 
NET BULB темРЕВАТИ Е | #5 “Е, «2, “Е , аи °F 
DRY BULB TEMPERATURE 24a F , 203 ФЕ , 222x °F 
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REAR WALL STEAM PRESSURE. / — "He GAGE , SPEC. HUM. 6; ድር 
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APPENO 
TEST DATA SHEET NUMBER 23 . 
DATE 7 -2- co V 


TANGENT TUBE MODEL Viaut BURNERS 


መ ..0፳/ፎ1ርፎ (5), ረኗ- " FURNACE DEPTH, 2.114" FLOW METER 


AMBIENT CONDITIONS _, 


| START FINISH AVERAGE ` 
WET BULB TEMPERATURE e/o °F ,-524-9Е , 4%” °F 
DRY BULB TEMPERATURE 440% | ULF, 67.25 °F 


BAROMETER з за. 38 “На, 30.33 "Не. ‚ 20.23 “Не 
REAR WALL STEAM PRESSURE _/ "us GAGE-, SPEC. HUM. £ 2. GRAINS 
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APPENDIX С 
TEST РАТА SHEET NUMBER IL 
DATE -“- 2-60 


TANGENT TUBE MODEL _ 4 HOUT BURNERS 


_A-2"  ORIFICE(S), L4” FURNACE DEPTH, 2.114" FLOW METER ` 


AMBIENT CONDITIONS 


STARI FINISH AVERAGE 
WET BULB TEMPERATURE соко Зе | осе 67.9 “Б 
DRY BULB TEMPERATURE . бео се, Феу ср , 66:65 °F 
BAROMETER 30-33 "Ha, 0.53 "Не , _BOBB"He 
REAR WALL STEAM PRESSURE__/_"HeGAGE , SPEC.HUM. Sa GRAINS 
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TEST DATA SHEET NUMBER JS — 
DATE ¥. 2 - Фо 


TANGENT TUBE MODEL MZ: ров BURNERS 


4A"  ዐኗሯ(ርፎ(5),ፈረ. " FURNACE DEPTH, 2.114" FLOW METER 


AMBIENT CONDITIONS 
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АРР о 
· ТЕЗТ DATA SHEET NUMBER 22 _ 
DATE ረሃ ረ ር 


TANGENT TUBE MODEL ЕЕЕ BURNERS 


_-4-2° _ORIFICE(S), መ." FURNACE DEPTH, 2.114” FLOW METER 


AMBIENT CONDITIONS 
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APPENDIX С 
TEST DATA SHEET NUMBER 27 -. 


DATE _4-23-60 


TANGENT TUBE MODEL dr AouT BURNERS 
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„=, 
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_ 47-2" ORIFICE(S), 72. " FURNACE DEPTH, £114 FLOW METER 
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WET BULB TEMPERATURE 
DRY BULB TEMPERATURE 
BAROMETER 
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TEST DATA SHEET NUMBER 13537 >» 
DATE -7-23- со 


TANGENT TUBE MODEL tí BURNERS 


Fa, `ü 


ps м м 
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AMBIENT CONDITIONS 
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APPENDIX С я 
TEST DATA SHEET NUMBER 22: 
DATE _4-23-60 


TANGENT TUBE MODEL _tvcTH BURNERS. - 


AY" ORIFICE(S), 16% FURNACE DEPTH, 2.114 FLOW METER 


AMBIENT CONDITIONS с 
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APPENDIX C 
TEST DATA SHEET NUMBER #2 


DATES መሪም 


TANGENT TUBE. MODEL OA) BURNERS». - 





4/27 ORIFICE(S),2/ _ ”.FURNACE DEPTH, 2.114" FLOW METER 


AMBIENT CONDITIONS . 
START ЕН AVERAGE m 


WET BULB TEMPERATURE до ТЕ, бе , SZELF 

DRY BULB TEMPERATURE — ሪጨ#”ጭ , ረፉ ጭ , ሬኗደሯቶ፤ 

BAROMETER 0.00 "Ha, Zoo “Не , 2100 ' bs 

REAR WALL STEAM PRESSURE. / ."He GAGE , SPEC. HUM. 2€ GRAINS _ 
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RUN | Ан, | дн, | АҢ TEMPERATURE 
NO. |" Ho] “HO 








АТ | АТ «туба 
зар, Жасын! IE 


Lii d ој a аннин ۲۲ 





















































` 








ccce | 22 а 





— 114 ~ 





APPENDIX D 


& 


CALCULATION OF WEIGHT FLOW, SPECIFIC HEAT, 
VISCOSITY, AND THERMAL CONDUCTIVITY. 


The weight of air flowing is dependent on the following: 


1. Geometry of the fluid meter. 
2. Head loss across the fluid meter. 
3. Specific humidity of the air. 
j. Air temperature. 
5. 


Air pressure. 


Factors 1 and 2 are considered when using the method of 
calculating fluid velocity, as recommended by The American 
Society of Mechanical епа пасти Mass flow, however, 18 


also dependent on the specific volume of the fluid. 


Using the gas equation, 1.0., pv = RT, 1% 18 evident that 
v is dependent on Н, Т, апа 5. The specific humidity of the 
air has the effect of changing the molecular weight of the 
fluid and thus the gas constant, R. Since the value of R is 
not very sensitive to small changes in specific humidity, an 


average value of 50 grains per pound of dry air was assumed 


only for the purpose of calculating the weight of fluid flowing . 


S1nce the air temperature varies considerably from day 
to day over the year, the temperature of ihe air had to be 
accounted for. An assumed temperature of 1009 Р. ЧЕ used in 
calculating the weight flow curve, and corrected to the actual 


temperature by the following relationship: 


—\\ < — 








Since እ ካሬ” and с “ህል then C^4 v but G= = апі v — Tt 


Y 





Therefore W, ~ Gw~ == 
MT 


From some early testing 1% became evident that the up- 
stream pressure varied from run to run. The maximum pressure 
was less than 30 inches of water or about 7% of atmospheric 
pressure. Since the velocity of flow c was proportional to 

p, the maximum error introduced by assuming atmospheric pres- 
sure is about 3M. However, when metering an expansible fluid, 
an adiabatic expansion factor Y must be introducea 8), This 
factor, is than unity, will reduce the flow. Considering the 
maximum pressure of 30 inches of water, the pressure ratio, | 
r = Р2 = .93. | 

РІ 


From Figure 97 of Reference 18, using £= „689, the adi- 


abatic expansion factor Y4 = „975. 


Therefore, by considering the pressure at atmospheric, 
i.o., r - 1.0, Y, = l, the maximum error is: 


1.035 (975) - 1 = ,009 or 9/10 of 1%. 


In addition, sínce both Nusselt Number and Reynolds Number 
are directly proportional to Wa, с АР have the same 
maximum error or .9%. Since Ny, is proportional to Nno*97, 
the maximum error introduced in the actual plots of Ny, vs. 

Ми 18 of the order of (1.009) *97 - (1.009), or .12%. Since 
this is the maximum possible error and decreases with decreased 
weight of fluid flowing, it is negligible. Therefore, the 
pressure was assumed at 14.7 psia and no correction made for 


changes in pressure... 


Seiwa 





Values of W, corresponding toAHp values of O to 30 
inches of water were calculated and are plotted in Figure D-2. 
The following is & sample calculation showing the method used: 
where C is velocity of fluid flowing іп ft/sec,Nis head 
loss through the flow meter in feet of fluid flowing, and 
Са is the coefficient of discharge. Since A Hp was measured 
іп inches of water, then: 


ШЕ ӘЗЕР 


where V is the specific volume of fluid flowing in cubic 


feet per pound, 


Therefore; 


ce C Ver SS у NH 


Assuming an average specific humidity of 50 gr/lb. dry 


" 


ајг, а temperature of 100? P, and a standard pressure of 


14.7 psia, and using: 


M, = molecular weight of air = 28.97019), 


MH20 = molecular weight of water vapor = 18.016( 19). 


A ነ ላ Ol О Е 
Muer ae = 0 (8.0) 47000 (28.000) _ 





= 28.892 
TODOS 
El 1525/32 = 1255 2 ፎር 
м 23.892 * 
PE E ss s s Onn = 

(2 о и) 

2 22-422 155 С. АО 
й ` xV AAG 


Ne 





2. 1. 
ASIA См AAA vr 
< x vx A x «<. 





Wee =< 00. с xr De zer СЕ E.S GCG Uos/ae 


а. = 


Again at the conditions assumed: 


(197 
Жабал ¿04605 Vos / we - er 
(19) 
ALa o= Oa Vos е - er 
Therefore: „u = 50(.0231)+ 2000 (¿.O0S)= „одве Mos/ue-er 
IS 733717 - ROOO + BO 
Ме = Gd = збоокалма G= aS с 
— X A Фаза 
(C = EU Е 


Where /2 1s D2/D1, D, 1s inside pipe diameter, and Do is 
orific diameter, and K is the coefficient from Table 12 ,АЗМЕ (18), 


28 == Ox == int = . С 55 34 
о, 5 .ርሬክና 


СА= «-/1-(6ө%4)4- BSIK 


Values of K interpolated from Reference 18 are plotted in 


Figure D-1l. 


Assuming AH, = 16 inches, then/AHp = 4.0. Estimating 


Са аз .609 gives the following: 
о сь З 


а 
Ner USBI KIO 6 = ነኒሜቼነኒኡ-1ር0 (ኒ4.ክዬሜጫ)= 163,95: 


Teon Fie. О-| ‚› <= .©А\\ вюъ Се 59 к- „сожч. 


2 = ዲን ር.ሬዕጩጋ ጫ= ኳ.=ርፎ1ግ 
Therefore: 


М = 57.876 x ILSA = 1044 (Оз Wer he — 


The values of specific heat were computed for a pound of 


wet air by the following equation and are plotted in Figure р-3: 


C e = Ре ~ 2000 Ce.) = O WET ALS 
“со о € | | 


- \8 - 





where СР зе is specific heat of water уарог (19), 
Ce. is specific heat of a1r 19), and 
| X is specific humidity іп gr/lb. of dry air. 


Viscosity and thermal conductivity are taken directly 
1 
from the table for dry air(19) and are plotted in Figure D-L. 
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APPENDIX E 
CALCULATION OF NUSSELT NUMBER 


and 
REYNOLDS NUMBER 


For each test spot jhe Nusselt Number and Reynolds 
Number was calculated and plotted in Figures 1 through 10. 
The heat transferred was equal to the weight of gas times 
the specific heat times the change in temperature. Using A Hp 
and б from the test data, W, was determined from Figure Dec. 
Also using AT, the values of film temperature Tr and the mean 


temperature difference AT, were calculated using the following 





relations: 
Га » т +21 AND Е 'ዒ 
3 = : 
| ias ኔ ' Z 


The heat transfer coefficient h equals the total heat 
transferred divided by the area and the mean temperature 
difference. The projected rear wall area Ар was used as the 
heat transfer surface giving the following equation for h: 


J < Wan Со Е 
Ar ж ESTAS 
where the specific heat Cp was evaluated at the bulk temperature 
of the gas Т, and corrected for moisture content. Values of 


Cp Were taken from Figure D-3. 


From Figure D-l,, values of k and «œ at the film temperature 


were taken. Using Nyy m the value of Nusselt Number was 








readily calculated. 


Reynolds. Number was calculated using the following 


equa tion: 
GD 
where G - Wa and A, was the total burner area and W, the 
Ao 


total weight of air flowing. 


The actual calculation of Nusselt Number vs. Reynolds 
Number was done in tabular form. For the purpose of illus- 


tration, a sample calculation sheet is shown in Table E-l. 
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